A series of new π-conjugated donor-acceptor copolymers, based on a naphthalene-bisimide moiety as the electron-acceptor and connected to either thiophene or dialkylfluorene as the electron-donor, were synthesized. The polymers are soluble in common organic solvents. The UV-Vis spectra of the copolymers in chloroform showed two absorption maxima at higher energies (ca. 301 -364 nm), assigned to the -* transition, and at a lower energy (ca. 512 -595 nm), ascribed to the intramolecular charge transfer between donor and acceptor units. Cyclic voltammetry revealed that the polymers were susceptible to both electrochemical oxidation and reduction, and they had a LUMO and HOMO levels ranging from -4.07 to -3.80 eV and -6.13 to -5.64 eV, respectively. The energy band gaps were estimated to be 1.48 -2.06 eV. These results represent a positive step towards making novel compounds suitable for electronic applications.
Introduction
Low optical band-gap polymers have attracted strong research and functional interest due to the fact that they serve as critical components for many advanced technologies, such as nonlinear optical (NLO) devices [1, 2] , organic light-emitting diodes (OLEDs) [3] and photovoltaic cells [4, 5, 6] . Amongst these, much attention is currently being paid to the development of novel materials as low cost renewable energy resources for photovoltaic technology, including for solar cells based on mixtures of π-conjugated polymers and fullerene derivatives. The real advantages of these polymers are the strong absorption of visible light and the ability to deposit from solution onto flexible substrates over large areas by using a variety of techniques such as screen-printing [7] , roll-to-roll printing [8] . The best power conversion efficiency (PCE) reported for this kind of device exceeds 3% and currently approaches 5%, but there is still plenty of development potential [9, 10] . The limited absorption of the solar spectrum, due to the large energy band gap of current π-conjugated polymers, is one efficiency-limiting factor [11] , whilst the transport and recombination of photogenerated charge carriers is another. During the last decade several research groups have reported the synthesis and use of materials which can absorb light with wavelengths above 620 nm (2 eV) in organic photovoltaic cells. The most widely used narrow band gap copolymers are a variety of aromatic heterocycles such as thiophene [12] [13] [14] [15] , ethylenedioxy-thiophene [16] [17] [18] and benzothiadiazole [19] [20] [21] [22] [23] . Identical for the low band gap copolymers are the alternation between electron donor (electron rich) and electron acceptor (electron poor) segments, where a decrease in the band gap is reached by producing conjugated polymers with electron donor-acceptor architecture [24] . Intramolecular charge transfer interactions between the electron donor (D) and the electron acceptor (A) units within D -A copolymers can facilitate the ready manipulation of their electronic structure (highest occupied molecular orbital (HOMO) / lowest unoccupied molecular orbital (LUMO) levels) and thus electronic and optoelectronic properties [25] [26] [27] . The copolymer based on thiophene and benzothiadiazole is an example of an electron donoracceptor alternating copolymer where it is possible to tune the energy band gap of the copolymer from 2.10 to 1.65 eV by varying the number of thiophene units [20] . Other interesting polymers that have been investigated use strong electron acceptor units, such as benzobis(thiadiazole) [20] , quinoline [29] , thieno [3,4-b] pyrazine [30, 31] , [1, 2, 5] -thiadiazole [3,4-g] quinoxaline [32] and pyrazino [2,3-g] quinoxaline [33] , to achieve narrow band gap polymers for electronic device applications [20] . The semiconductors based on naphthalene-bisimide, which are readily used in organic field-effect-transistors (OFETs), has attracted considerable interest as an n-type materials with electron mobilities of 0.1 cm 2 V -1 s -1 and excellent on/off current ratios, even in the presence of air [34] .
Here, we report the synthesis, optical and electrochemical properties of a series of novel alternating donor/acceptor copolymers based on either oligothiophene or dialkylfluorene as the electron donor and naphthalene-bisimide as the electron acceptor comonomer with an improved conjugation throughout the naphthalene moieties. Four such conjugated copolymers were synthesized by Stille-or Suzukitype coupling reactions and investigated; poly [2,6- 
Results and discussion

Synthesis and Characterization
The synthetic routes to the monomers and polymers are illustrated in Schemes 1 -4. The 2,6-dibromonaphthalene-tetracarboxylic acid anhydride (1), starting material, can be synthesized following established procedures [35, 36] . Following Solomatin's method [35] , naphthalene-1,4,5,8-tetracarboxylic acid anhydride was converted under acidic conditions into the dibromide (1), and then selectively reacted with nhexylamine or 2,2,3,3,4,4,4-heptafluorobutylmine at the anhydride groups in glacial acetic acid to yield 2,6-dibromonaphthalene-1,4,5,8-tetracarboxylic-N,N'dialkylbisimide monomers (2: 91 % and 3: 52 %), as outlined in Scheme 1.
The bis(trimethylstannyl)oligothiophene (4 and 5) monomers for the Stille-type coupling reactions were prepared from the reaction of thiophene and bithiophene by metallation with n-butyllithium followed by treatment with trimethyltinchloride (Scheme 2), which affords the distannylated compounds 4 and 5 at about 70% yield.
The synthesis of the naphthalene-bisimide/oligothiophene copolymers was accomplished by the Stille-type coupling reaction of monomer 2 with either monomer 4 or 5 in dry toluene using tetrakis(triphenylphosphino)palladium [Pd(PPh 3 ) 4 ] as the catalyst under vigorous stirring at a reflux temperature for three days (Scheme 3). PNIT and PNITT were prepared in yields of 16 -25 %. These yields are low due to losses during Soxhlet extraction, because of the incomplete solubility of the high molecular weight fraction. The reaction product was extracted with chloroform, with the insoluble fraction remaining as a green-black powder. The Suzuki-type coupling procedure of 9,9-dioctylfluorene-2,7-bis(trimethylborate) and dibromonaphthalene-bisimide monomers 2 or 3, as depicted in Scheme 4, was carried out in dry toluene, using Pd(PPh 3 ) 4 as a catalyst, under basic conditions. The resulting copolymers PNAIF and PNIFF were prepared in good yields of 54 and 72 %, respectively. These polymers readily dissolve in common organic solvents, such as chloroform, THF and toluene. , respectively, with a polydispersity index (M w /M n ) of 5.3 and 5.0, respectively. Their molecular weight and weight distribution were determined from the producing polymer with composite of oligomer and short chain. In the case of PNAIF and PNIFF, the M w are 13000 and 12000 g mol -1 , respectively, with a polydispersity index (M w /M n ) of 1.4 and 1.6, respectively. Accordingly, PNAIF and PNIFF contain polymer chains with an average degree of polymerization of ca. 8 -12.
Tab. 1. GPC data and optical properties of the copolymers. H NMR spectra of naphthalene-bisimide copolymer PNIFF is shown in Fig. 1 . The presence of strong peak at 8.84 ppm, corresponding to the naphthalene moieties and three signals at δ = 7.94, 7.45 and 7.39 ppm, corresponding to the six protons of fluorene unit in the polymer backbone. The spectrum of PNAIF is almost identical with PNIFF. The 1 H NMR spectra of naphthalene-bisimide/oligothiophene copolymers display signals of the naphthalene moieties at δ = 8.68 ppm. In addition, the 1 H NMR spectrum of thienylene containing PNIT shows a singlet for the two identical protons of the thiophene unit at δ = 7.37 ppm, whereas PNITT displays two signals related to the bithiophene units at δ = 7.26 and 7.03 ppm. The thermal properties of the polymers were examined with thermogravimetric analyzer (TGA) and differential scanning calorimetry (DSC). The copolymers showed an onset of decomposition temperature (T d ) of around 400 -455 o C, which is indicative of a good thermal stability. The weight loss of each of the four polymers, at less than 10%, before their onset decomposition temperature may be assigned to the decomposition of low molecular weight portions. The thermal transitions of the copolymers were investigated by differential scanning calorimetry (DSC). PNIT and PNITT exhibited a broad endothermic peak at 280 and 251 o C, respectively, in the second-heating DSC scans. The PNIFF copolymer (T g = 115 o C) shows a higher glass transition temperature when compared with PNAIF (T g = 105 o C) due to more stiffness of the fluoride side chain on the imide nitrogen atoms of the naphthalenebisimide unit.
Optical and photoluminescence properties
Representative UV-Vis absorptions and, where available, the photoluminescence spectra of the copolymers are depicted in Figs. 3 -5 and the spectroscopic data of the polymers are summarized in Table 1 . Fig. 3 shows the UV-Vis spectra of PNIT and PNITT in chloroform (CHCl 3 ) and on film. The spectrum of PNIT in solution displays two separate absorption bands at 301 and 523 nm, whereas PNITT displays two absorption bands at 364 and 595 nm. The higher-energy peak is assigned to the -* transition and mainly occurred in the monomeric units, whereas the lowerenergy peak corresponds to intramolecular charge transfer between the thiophene donor and the naphthalene-bisimide acceptor moieties. The solution absorption spectrum of PNITT is broadened and red-shifted compared to that of PNIT. As expected, the absorption maxima are dependent on the length of thienylene unit, with a bathochromic-shift to a lower energy as the thienylene moiety is extended. In the case of their absorption spectra in the solid state, they exhibited red-shifted broad absorption bands (41 nm for PNIT and 37 nm for PNITT) compared to the corresponding spectra in CHCl 3 solution. This is presumably due to the increase in the coplanarity of the copolymer and/or the occurrence of intramolecular electronic interactions between the polymer molecules in the solid state. The photoluminescence (PL) of PNIT and PNITT could not be observed (excitation at λ max ) in either solution or film. Fig. 4 shows the optical absorption spectra of dialkylfluorene/naphthalene-bisimide copolymers in both solution and solid state forms. Interestingly, the UV-Vis spectra of PNAIF and PNIFF display two well separated absorption maxima, which is similar to that observed for naphthalene-bisimide/oligothiophene copolymers. The long wavelength absorption band is centered at 512 nm for PNAIF and 533 nm for PNIFF. The higher energy transition is centered at ca. 324 nm with two low energy shoulders at 357 and 378 nm. These energy shoulders are attributed to the fluorene segment absorption [37, 38] . The UV-Vis spectra of these two polymers were similar in shape, but the spectrum of PNIFF was slightly shifted in the lower energy absorption compared to the spectrum of PNAIF. The results indicated that the effect of sterical hindrance of the alkyl side chain length is larger than the effect of interchain interactions of the perfluoride side chain. The thin film absorption spectra of PNAIF and PNIFF also show a broadly similar pattern but differ in the position and intensity of peaks compared to the corresponding spectra in CHCl 3 solution. Accordingly, the absorption peaks of PNAIF and PNIFF were slightly shifted from 512 to 523 nm and 533 to 540 nm, respectively, due to interchain associations in the solid state.
Amongst the alternating donor/acceptor copolymers investigated in this report, dialkylfluorene/naphthalene-bisimide copolymers have a lower degree of electronic delocalization than naphthalene-bisimide/oligothiophene copolymers. The chain structures of PNAIF and PNIFF result in a large decrease in the intramolecular charge transfer and thus electronic delocalization, because the dialkylfluorene moiety is a poorer electron-donating unit compared to thiophene, and it significantly lowers the chain structure symmetry.
The photoluminescence spectra of PNAIF and PNIFF are shown in Fig. 5 . The emission maxima of the copolymers in CHCl 3 solution were found at 640 nm for PNAIF and 648 nm for PNIFF. The obvious relative red-shift in the emission spectra of PNIFF is due to the reduction in steric hindrance, following alkyl substitution, of the naphthalene-bisimide units within the copolymer, which decreases the distortion along the backbone and increases the effective conjugation. Moreover, the solid state of the two polymers exhibited new red-shifted emission peaks at 725 nm for PNAIF and a main emission peak at 735 nm for PNIFF. These might be attributed to the excimer like adducts between photoexcited polymers and/or to internal charge transfer along the polymer backbone of aggregate regions in the film [39, 40] .
Electrochemical Studies
The electrochemical behavior of the synthesized polymers was investigated by cyclic voltammetry (CV) to estimate the band gaps and work functions of conjugated polymers. Fig. 6 shows the cyclic voltammograms of PNIT, PNITT, PNAIF and PNIFF films on a Pt electrode in acetonitrile in the presence of Bu 4 NPF 6 as supporting electrolyte. The energy values of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the copolymers were calculated according to the equations E HOMO = -e(E ox,onset + 4.38) eV and E LUMO = -e(E red,onset + 4.38) eV, where the units of E ox,onset and E red,onset are onset oxidation and reduction potentials versus the Ag/AgCl reference electrode [41] . The onset potentials were determined from the intersection of the two tangents drawn at the rising and background current, respectively, of the cyclic voltammogram. The CV data of the copolymers are summarized in Table 2 . The HOMO/LUMO energy levels varied independently across the four copolymers whilst the energy band gaps, which were calculated from the HOMO/LUMO energy levels, were found to increase in the order PNITT < PNIT < PNIFF < PNAIF. The electrochemical energy band gaps, obtained from the onset potentials of the optical absorption, of all four investigated polymers are clearly higher than the optical energy band gaps, which were obtained from the onset potentials of the optical absorption (see Table 2 ). This difference can be explained by the interface barrier between the polymer film and the electrode surface [42] . The largest band gap in the case of PNAIF is due to a highly non-coplanar nature induced by the steric hindrance of the side chain on the polymer backbone. In contrast, the lowest band gap, observed with PNITT, is likely to be due to a more linear and conjugated length of polymer backbone as a result of thienylene unit. In addition, the lone pair electrons of the sulfur atom in thienylene units increase the electron cloud density in the polymer chain, thereby increasing its ability to act as an electron donor and decreasing the band gap.
Photocurrent Spectral Response
Photocurrent (PC) measurements were performed on a three-layered sandwich cell with a polymer layer of a thickness of ca 80 nm. It was prepared by spin coating of a 1wt% polymer solution in chloroform onto an indium tin oxide (ITO) electrode. As a top electrode a 100 nm thick aluminum layer was evaporated. Fig. 7 shows the photocurrent spectra of PNAIF, PNIFF, PNIT and PNITT film at room temperature.
The photocurrent signals of PNAIF, PNIFF, PNIT and PNITT display two pronounced maxima similarly to the absorptions signals of the polymers. The photocurrent spectra of all four copolymers demonstrated an antibatic-type response, indeed photocurrent is reduced in regions of strong absorption and the maximum shifted to the absorption edges. It may be due to a relationship between the absorption coefficient and penetration depth of incident light. 
Conclusions
The alternating donor-acceptor copolymers based on thiophene, fluorene and naphthalene-bisimide have been successfully synthesized using Stille and Suzuki type coupling reactions. These polymers can be dissolved in common organic solvents such as THF and chloroform, and show good thermal stability. Their molecular structures were confirmed by NMR. The UV-Vis spectra in solution displays two absorption maxima at both a higher energy (ca. 301 -364 nm), assigned to -* transitions, and at a lower energy (ca. 512 -595 nm), ascribed to intramolecular charge transfers between donor and acceptor units. The energy band gaps were estimated by UV-Vis to be 1.48 -2.06 eV, which are consistent with the electrochemical band gaps. The optical and electrochemical band gaps were highly dependent on both, side chain that was used and the number of thiophenes in the monomer unit.
Experimental part
Instruments 1 H and 13 C NMR spectra were recorded on a Bruker AV 300 or Bruker ARX 400 spectrometers, with deuterated solvent, unless specified otherwise. Gel permeation chromatography (GPC) analysis utilized PS-columns (two columns, 5 µm gel, pore widths mixed bed linear), connected to UV/Vis and refractive index (RI) detectors. All GPC analyses were performed on solutions of the polymers in tetrahydrofuran (THF) at 30 o C (concentration of the polymer: approx. 1.5 g L -1 ). The calibration was based on polystyrene standards with a narrow molecular weight distribution.
The thermal properties were measured on a Mettler Toledo TGA/SDTA 851 thermogravimetric analyzer (TGA), and a Mettler Toledo (model DSC823e/400) differential scanning calorimetry (DSC), under a nitrogen flow rate of 20 mL/min at a heating rate of 20 o C/min. The UV/Vis absorption spectra were taken using a PerkinElmer Lambda 650 UV/Vis spectrometer whereas fluorescence spectra were recorded on a PerkinElmer LS55 spectrometer. Cyclic voltammetry (CV) was performed on an Autolab/Potentiostat galvanostat, on films that were drop-cast on a platinum-working electrode. After coating, the films were dried in a vacuum oven for 10 min. The measurements were carried out in an anhydrous acetonitrile solution containing 0.1 M tetrabutylammonium hexafluorophosphate (Bu 4 NPF 6 ) at a scan rate of 50 mV/s against a platinum wire as a counter electrode and Ag/AgCl as a reference electrode. An internal ferrocene/ferrocenium standard was used. The HOMO and LUMO energy levels were determined from the oxidation and reduction onset (of the second scan from CV data) at the position where the current starts to differ from the baseline. The equipment for photocurrent measurement consists mainly of an optical chopping disk, with a light to the sandwich-type cell from tungsten lamp (100W) passing through the monochromator. The photocurrent signal was detected using lock-in amplifier. All the PC measurements were investigated under room temperature.
Materials
The starting materials for synthesis, including 9,9-dioctylfluorene-2,7-bis(trimethyleneborate), tetrakis(triphenylphosphine), trimethyltin chloride and 2,5-dibromothiophene, were purchased from Aldrich Co. N-Bromosuccinimide, N,N,N',N'-tetramethylethylene diamine, 2,2' bithiophene, hexylamine and n-butyllithium were obtained from Fluka Co. Thiophene and 2,2,3,3,4,4,4-heptafluorobutylamine were purchased from Acros Co. All polymerization reactions were performed in anhydrous solvents. The 2,6-dibromonaphthalene-1,4,5,8-tetracarboxylic acid dianhydride (1) was synthesized in close analogy to the methods already described in the literature [35, 36] . All other compounds were synthesized following the procedures described below.
Synthetic procedures
-Imidization of 2,6-dibromonaphthalene-1,4,5,8-tetracarboxylic acid 2,6-Dibromonaphthalene-1,4,5,8-tetracarboxyic acid dianhydride (1) (302.5 mg, 0.71 mmol) was stirred in glacial acetic acid (8 mL). Alkylamine (2.13 mmol) was added and the mixture was heated to 120 o C. After stirring for 6 h, the reaction mixture was cooled to room temperature and 2 N HCl (20 mL) was added. The precipitated material was recovered by filtration and purified by recrystallization from acetic acid. The resulting product was filtered and washed with water and methanol, respectively.
2,6-dibromonaphthalene-1,4,5,8-tetracarboxylic acid-N,N'-dihexyldiimide (2)
Yield: 380.0 mg (91%); yellow solid. -Bis-stannylation of thiophene and bithiophene A mixture of thiophene or bithiophene (11.9 mmol) and N,N,N' ,N'-tetramethylethylene diamine (TMEDA) (3.8 mL, 25 mmol) in dry hexane (15 mL) was cooled to -40 o C under argon. 1.6 M n-BuLi in hexane (15.6 mL, 25 mmol) was added dropwise via a syringe into the mixture. The cooling bath was removed, and the reaction was refluxed for 45 min. The mixture was then cooled back down to -40 o C, and 1.0 M trimethyltin chloride in hexane (25.0 mL, 25.0 mmol) was added dropwise. The mixture was allowed to reach room temperature and stirred for 2 h. Ammonium chloride solution (NH 4 Cl, 2 M) was poured into the reaction and the mixture was extracted with hexane. The organic phase was harvested, washed with water, dried over Na 2 SO 4 , and concentrated under reduced pressure. The residue was purified by recrystallization from methanol to obtain the title product.
2,5-bis(trimethylstannyl)thiophene (4)
Yield: 3.3 g (68%); white solid. The mixture of dihexyl naphthalene-bisimide monomer (2) (699 mg, 1.18 mmol), bis(trimethylstannyl) compound (4 or 5; 1.18 mmol), and tetrakis(triphenylphosphine)-palladium (57.8 mg, 0.05 mmol) was refluxed with vigorous stirring in anhydrous toluene (50 mL) under an argon atmosphere. After 72 h, the solution was cooled to room temperature. Chloroform (100 mL) and 2 N HCl (50 mL) were added to the mixture. The resulting mixture was extracted three times with chloroform, the organic fractions were combined, washed with saturated aqueous NaHCO 3 solution and then dried over Na 2 SO 4 . The solvent was removed under reduced pressure. The polymer was precipitated in a 10:1 (v/v) mixture of methanol: 2 N HCl, filtered, and extracted in a Soxhlet apparatus with methanol, acetone and chloroform. The chloroform fraction was harvested, concentrated under reduced pressure, and reprecipitated from methanol: 2 N HCl as above, and harvested by filtration.
Poly [2,6-(naphthalene-1,4,5,8- 
tetracarboxylic-N,N'-dihexyldiimide)-alt-2,5-thienylene] (PNIT)
Yield: 149.1 mg (25%). . M w = 14800 g mol -1 . M w /M n = 5.3.
Poly [2,6-(naphthalene-1,4,5,8-tetracarboxylic- C NMR spectrum of the polymer was not determined because of its poor solubility in organic solvents. M n = 3300 g mol -1 . M w = 16400 g mol -1 . M w /M n = 5.0.
-Polymerization via Suzuki-type coupling reaction 9,9-Dioctylfluorene-2,7-bis(trimethylene borate); (318.3 mg, 0.57 mmol), dibromonaphthalene-bisimide monomer (2 or 3; 0.57 mmol) and tetrakis(triphenylphosphine)-palladium (27.7 mg, 0.024 mmol) were dissolved in a degassed mixture of n-butanol (2 mL), toluene (10 mL), THF (10 mL) and aqueous Na 2 CO 3 (572.4 mg, 5.4 mmol in 2.9 mL water). The mixture was vigorously stirred under reflux for 72 h. After cooling to room temperature 2 N HCl (20 mL) was added, mixed and the organic layer was isolated and sequentially washed with 2 N HCl and saturated aqueous NaHCO 3 solution. The combined polymer solution was dried (Na 2 SO 4 ) and concentrated under reduced pressure. The polymer was precipitated from methanol: 2 N HCl (10:1; (v/v)) and filtered. The resulted solid material was extracted in a Soxhlet apparatus with methanol to remove impurities and oligomers. The resulting polymers were collected and dried under vacuum overnight.
Poly[2,7-(9,9-dioctylfluorene)-alt-2,6-(naphthalene-1,4,5,8-tetracarboxylic-N,N'-dihexyl-diimide)] (PNAIF)
Yield: 252.6 mg (54%). . M w = 13000 g mol -1 . M w /M n = 1.4.
Poly [2,7-(9,9- . M w = 12000 g mol -1 . M w /M n = 1.6.
